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Encaged aggregations of live krill in good to pristine condition have been ensonified at 38 and 
120 kHz. Concurrent underwater television observations ofbehavior esemble those made by 
underwater divers in naturally occurring swarms, with comparably high densities of the order 
of 104 animals/m 3.Mean, single-animal t rget strengths have been inferred from 
measurements of echo energy. For aggregations with mean lengths in the range [30,39] mm, 
the mean single-krill target strengths are in the range [ - 88, - 83] dB at 38 kHz and 
[ -- 81, -- 74] dB at 120 kHz. Collateral measurements onsome of the same encaged 
specimens determined adensity contrast of 1.0357 q- 0.0067 and sound-speed contrast of 
1.0279 q- 0.0024, relative to seawater. These numbers have been used with the fluid-sphere 
model as stated by Greenlaw [Limnol. Oceanogr. 24, 226-242 (1979) ] . Computed 
backscattering cross sections have been averaged over the length distributions of each 
measured aggregation, resulting in target strength predictions in the range [ - 86, - 80] dB at 
38 kHz and [ -- 79, - 76] dB at 120 kHz. 
PACS numbers: 43.20.Fn, 43.30.Xm, 43.80.Jz 
INTRODUCTION 
Krill is a very abundant animal. Its annual production is 
estimated to be many times the world fish catch, •'2 yet cur- 
rent estimates of its abundance vary as widely as those de- 
scribed by Everson in 1977. 3 
In 1981, an attempt was made to improve the knowledge 
of krill abundance and indicate acoustic surveying methods. 
The results from this effort, called the First International 
BIOMASS Experiment (FIBEX), have been questioned 
partly because of uncertainty about the mean backscattering 
cross section or target strength of the animal. 
At the time of the Post-FIBEX Acoustic Workshop in 
1984, there were only several published values for the target 
strength of E. superba. 4'• Revision of earlier estimates was 
attempted on the basis of these numbers, after adjustment of 
one of these for a reported error in calibration and after addi- 
tion of laboratory measurements on preserved specimens of 
E. superba, 6 tank measurements of E. pacifica, 7measure- 
ments on tethered specimens oflive freshwater shrimp 8'9 and 
live and defrosted Thysanoessa specimens and Meganycti- 
phanes norvegica •øand certain expectations based on qua- 
siempirical modeling. 4ø Combination of the various data is 
described in Ref. 11, and further discussed by Everson in 
Ref. 12. 
Estimates of target strength computed from the revised 
target strength-length relation struck these authors as being 
very large, from both theoretical and empirical evidence. 
Model computations by Greenlaw, reported in Reft 13, indi- 
cated that the post-FIBEX prediction of target strength for a 
35-mm krill at 120 kHz was very roughly 10 dB too high. 
Acoustic estimates of abundance around South Georgia 
have been significantly ess than the predators were estimat- 
ed to be consuming. This was the background for the au- 
thors' proposal of the krill target strength experiment, which 
they conducted under the aegis of British Antarctic Survey 
at Stromness, South Georgia, during the austral summer 
1987-1988. 
The purpose of the experiment was to determine the 
target strength of krill by measuring the echo energy from 
encaged aggregations of living E. superba. A secondary aim 
was to measure the sound speed in the same animal for possi- 
ble collateral use in modeling work. The design of the experi- 
ment, its execution and results, and simple model computa- 
tions using the observed values of density and sound-speed 
contrasts are presented here. 
I. EXPERIMENTAL DESIGN 
Earlier studies on the target strength ofeuphausiids and 
other small crustaceans convinced the authors of the need to 
measure the animal, E. superba, itself. The work of K•geler 
et al. 14 was noted for its finding of systematic variations in 
density of euphausiids and the copepods Calanusfinmarchi- 
cus and C. hyperboreus with size and season. The same is 
presumed true of E. superba, as systematic variations in bio- 
chemical composition are known. •s-•? The density and 
sound speeds of zooplankton are close to the respective 
seawater values, •4'•8 hence, the precise zooplankton values, 
as well as small deviations from these, can be very significant 
in the context of echo formation. •o This is why the krill target 
strength experiment was staged south of the Antarctic Con- 
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vergence, where E. superba lives, and why the density, sound 
speed, and other properties of the experimental subjects were 
measured. 
Euphausiid properties tabulated in Refs. 14 and 18 sug- 
gested that the density and sound-speed contrasts for E. su- 
perba would also be quite low. Acoustic scattering must ine- 
vitably be weak, hence, it was decided to measure ericaged 
aggregations elkrill. Plans to measure single krill were aban- 
doned when the lowness of the target strength became ap- 
parent. 
Observation of directionality in scattering by euphau- 
siids 7'2ø also influenced the experimental design. The at- 
tempt would be made to observe the orientation of krill, 
through a statistical distribution, concurrently with the 
acoustic measurements. 
Clearly, the ideal measurement site would be a sheltered 
bay, with near-ocean-quality seawater, permitting raft oper- 
ation, with accessible shore and comparatively little fresh 
water runoff from land. This combination was found at 
Stromness Harbor on South Georgia. The presence, in the 
abandoned whaling station, of several more or less intact 
buildings, for accommodations, laboratory, and equipment 
store, was a further inducement o adopt the site. 
The decision to measure encaged aggregations of krill 
allowed a wealth of experience with encaged fish to be 
tapped, as represented in the bibliography in Ref. 21. In ad- 
dition, an experiment with encaged fish, 22 could serve as a 
model for the present experiment. This was mostly followed, 
the major exceptions being that the transducer beams were 
oriented downward and that the target strength of single 
animals was not measured. 
II. MATERIALS 
A. Experimental site 
The primary measurements were made from a raft 
moored securely 200 m from shore in 50-m-deep water in the 
harbor at Stromhess on South Georgia. The site was protect- 
ed from the open sea by an island blocking most of the harbor 
mouth. Swell with amplitude up to 0.5 m did pass through, 
however. The site was subject to violent catabatic winds 
rushing down the large and open valley behind Stromhess. 
These reached severe gale force on roughly one out of two 
days, and hurricane force about once a fortnight. Depending 
on the wind direction and temperature, the immediate sur- 
face layer in the harbor could become quite brackish owing 
to glacial runoff. However, this low-density layer was sel- 
dom thicker than about I m, and did not affect the conduct 
of the measurements, which were performed far below it. 
B. Krill supply and maintenance 
Although krill frequently occur around South Georgia, 
their presence in bays, such as Stromness, is unpredictable. 
Fresh supplies of good-condition, live krill were obtained by 
the RRS JOHN BISCOE at approximately fortnightly inter- 
vals throughout he experiment. Krill captured by trawling 
were immediately put into seawater tanks on the trawling 
deck. Dead or damaged krill were removed from the tanks 
while the ship was at sea. Swimming krill in good condition 
were transferred to the holding pens when the ship returned 
to Stromhess. 
This supply was augmented by fortuitous swarms of 
krill in the harbor. On each such occasion it was possible to 
attract the krill at night by surface lights to the very edge of 
the holding pens, where the krill could be caught by dip net 
and transferred in the freshest condition. It was estimated 
that 500 000 krill were secured after about 1 h on each occa- 
sion. 
The krill were kept in a cluster of four holding pens. 
Each was cylindrical in form, with 2-m diameter and 3-m 
depth. An air pump, driven by generator ashore, lifted water 
from 16-m depth to above the surface, where its fall into the 
pen entrained additional air. The rapid growth of algae on 
the sidewalls of the pens provided a source of food for the 
krill, which were frequently observed to be grazing on this. 
A seine was hung around the holding pens and closed at 
the bottom. This and a fine-mesh covering of the surface 
openings protected the krill from predaters uch as penguins 
and seals. 
C. Cage 
Useful acoustic measurements were obtained with each 
of two identical cages. These were right octagonal cylinders 
of 0.5-m height and 0.5-m diameter, measured between op- 
posite sides. The volume was thus 0.104 m 3. 
The material used in the construction was plastic net- 
ting of rectangular grid 3.2X3.6 min. This was procured 
from Internet Incorporated, Minneapolis, Minnesota. The 
netting, product number ON-8630, is normally used in rein- 
forcing paper, as for toweling. 
The cages were constructed by sewing, with monofila- 
ment nylon, precut octagonal end panels of the mesh to the 
long edges of a precut rectangular panel, which formed the 
sidewall. The sidewall was closed by sewing with the same 
monofilament nylon. 
D. Measurement configuration 
The cage was suspended roughly 6 m below the trans- 
ducers, which were mounted on a heavy frame from which 
other gear was suspended. The cage itself was suspended 
between two lightweight square frames, 3 m on a side. Lines 
of monofilament nylon were attached to each of the 16 
corners. The upper eight were attached to a superior frame, 
the lower eight to the inferior frame. An underwater televi- 
sion camera was suspended from the inferior frame, pointing 
upward toward the cage. The entire rig was suspended by a 
single rope attached to the transducer frame and allowing 
raising and lowering by a winch attached to a gantry posi- 
tioned over one of two identical 4 X 4-m-square moonpools 
on the raft. The normal operating depth of the transducers 
was 9 m. 
E. Echo sounding and integrating instruments 
It was desired to use the same kind of instruments for 
the measurements as are typically used during surveys. This 
was done with the SIMRAD EK-400 echo sounder 2-• nor- 
mally used on board RRS JOHN BISCOE. The echo sounder 
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was used in its dual 38- and 120-kHz modes together with 
UNIVERSAL SONAR transducers, each with nominal 10- 
deg beamwidth. Integration of the squared echo signals was 
performed with the SIMRAD QD digital echo integrator? 
Both echo sounder and integrator were housed ashore, in the 
laboratory, together with other equipment. This included a 
British Antarctic Survey-built system for display and log- 
ging of data. The cable link was entirely satisfactory. Addi- 
tional acoustic gear consisted of three calibration spheres: 
60- and 23-mm-diam copper spheres 2  and a 38.1-mm-diam 
precision ball bearing made of tungsten carbide with 6% 
cobalt binder. 26 
F. Environmental monitoring equipment 
For continual measurement of temperature and salinity 
at cage depth, a Plessey CTD-sonde, model number 9041- 
12B, was used. A light sensor was attached to the sonde. This 
was based on a noncosine-corrected selenium barrier layer 
photovoltaic cell housed in a waterproof case. The photocell 
was a 45-mm type B Megatron, mounted and potted. The 
spectral response was modified using Rank Strand cinemoid 
jellatin filters, numbers 17 and 54, following the method of 
Dawson. 27 
G. Photographic equipment 
Real-time viewing of the experimental cage and krill 
was obtained with a low-light-level silicon-intensified-target 
(SIT) underwater television camera. Television images 
were displayed, recorded, and replayed through program- 
mable videotape units. 
A stereoscopic still camera system was also suspended 
with the television camera. However, for a variety of reasons 
and in spite of arduous, if Sisyphean, labors, the system pro- 
vided few data and none on the particular acoustically mea- 
sured krill. 
H. Apparatus for biological and sound-speed 
measurements 
Apparatus sufficient for making ordinary biological 
measurements of krill was available. This included a preci- 
sion balance, density bottles, graduated cylinders, measur- 
ing boards, scalpels, pincers and like tools for examining, 
manipulating, and measuring individual specimens. 
The sound-speed-measuring apparatus is described in 
Ref. 28. In brief, it included a T-shaped tube, used in the 
inverted position, with a 500-kHz-resonant acoustic trans- 
ducer mounted at each end; electronics for controlling the 
pulsing and reception; a two-channel 100-MHz bandwidth 
oscilloscope for displaying the transmitted signal and inde- 
pendent, adjustable-length square wave; and a multimeter 
for measuring resistance to four significant figures. A ther- 
mometer accurate to ñ 0.05 øC over the approximate range 
[0,30]øC accompanied the apparatus for use in monitoring 
the measurement temperature. 
III. METHODS 
Measurements of echo energy were made from encaged 
krill, empty cages, calibration spheres, and integration vol- 
ume without cage. Each series of echo energy measurements 
on a given object is referred to as an event. Measurements of 
length, maturity stage, density, and sound speed were made 
on samples of krill removed from the cage at the end of each 
event. The proportion of analyzed krill varied from 25% to 
100% of the encaged number. 
A. Echo sounder operation 
The acoustic measurements were generally made in the 
same way. Standard settings were used on the SIMRAD 
EK-400 echo sounder. The time-varied-gain (TVG) func- 
tion was the "20 log r" type. The pulse repetition frequency 
was a constant 50 pulses/rain, with alternating transmis- 
sions at 38 and 120 kHz. The nominal pulse duration in the 
measurements considered here was 1.00 ms. Attenuator and 
gain settings were adjusted depending on the measurement 
object. 
B. Echo integration 
Integration of the squared received voltage was per- 
formed over the full range interval corresponding to echoes 
from the cage. This was [6.0,8.0] m for nearly all measure- 
ments. The exceptional cases with krill involved event 
numbers 54 and 55, when the cage was lowered 1 m, for 
which the integration interval was [7.0,9.0] m. 
Results of echo integration were summed over intervals 
corresponding to either 0.2 or 1.0 nautical miles at a simulat- 
ed vessel speed of 10 kn, hence for 1.2 or 6 min, respectively. 
The cumulative numbers were divided by the interval dis- 
tance and presented as estimates of mean volume back- 
scattering strength in decibels. TM These values, together with 
those from other integration intervals, were displayed on a 
screen and stored on a British Antarctic Survey data logger 
at the end of each integration period. The variability in echo 
integration result from ping to ping could not be studied for 
want of sufficient data-logging capacity at the measurement 
site. 
C. Calibration 
On-axis calibration with standard spheres 2ø was per- 
formed throughout he experiment as often as circumstances 
allowed. In the absence of the cage, the sphere was lowered 
to a position intended to be at the center of the cage. The 
echo sounder and integrator were then operated as during 
the cage measurements. Adjustment of the attenuator and 
gain settings during several calibration events established 
the relative accuracy of these. 
To supplement he on-axis calibrations at cage depth, a 
tungsten carbide sphere was routinely suspended at a fixed 
position below the transducers, but outside of the cage inte- 
gration interval. This provided a ready means of monitoring 
equipment performance. 
18 d. Acoust. Soc. Am., Vol. 87, No. 1, January 1990 Foote eta/.: Target strengths of Antarctic krill 18 
D. Empty cage and volume reverberation 
measurements 
Measurements on empty cages were also performed as 
circumstances allowed, but again covering the entire period 
of the krill measurements. Measurement of the water vol- 
ume without cage, but with rig in place, established the gen- 
eral lowness of the volume reverberation. Continual moni- 
toring with the underwater television camera confirmed the 
general absence of visible extraneous catterers near the 
cage. The exceptions were provided by several occurrences 
ofkrill swarms in Stromhess harbor, occasional occurrences 
of acoustically inevident ctenophores, and rare, brief visits 
by Gentoo penguins (Pygoscelispapus) or the odd blue-eyed 
shag (Phalacrocorax atriceps). 
E. Beam-pattern mapping 
A tungsten carbide sphere was also used to map the 
transducer beam patterns. The adopted procedure was that 
due to Simmonds, 3ø although with a deliberately lesser de- 
gree of automation. 
F. Environmental monitoring 
The CTD-sonde was suspended at the nominal 15-m 
depth of the cage, but from the second moonpool, which was 
reserved for such measurements. When operating, both tem- 
perature and salinity were measured at 15-s intervals but 
logged every 2 min throughout the day. In addition, the light 
intensity at the same depth was measured and recorded at 2- 
rain intervals. 
G. Krill measurement 
Immediately prior to an event, krill were removed from 
the holding pen with a small dip net, with c. 100-cm 2 open- 
ing, and counted into a 100-liter tub half-filled with surface 
seawater. After reaching the predetermined number, more 
or less, the tub was ferried to the measurement raft. Here, 
after raising the cage to near the surface, the krill were sy- 
phoned into it through a small slit in the top panel. Handling 
of the krill was thus minimal, and their apparently vigorous 
condition was continually confirmed by television. Krill 
were removed from the cage through a slit in the bottom 
panel. Both slits were secured by threading monofilament 
nylon through reinforced meshes on the sides of the opening. 
Upon completing an encaged-aggregation event, the 
krill were transferred to the laboratory in a tub with 
seawater. On average, about half of the krill continued swim- 
ming vigorously, and nearly all showed signs of life, al- 
though the overall condition did vary considerably from 
event to event. 
The sound speed in samples was measured according to 
the time-of-flight method. 2a The salinity of the seawater was 
measured, and the temperature was monitored continually 
during the sound-speed measurements. 
Following each sound-speed experiment, the total 
length, from the anterior margin of the eye to the tip of the 
telson, rounded down to the nearest millimeter, was mea- 
sured for at least 100 krill. In addition, the wet weight of this 
subsample of krill and the wet weight of all the krill in the 
sound-speed experiment were measured to within -F I mg. 
The density of small batches of krill of similar size were esti- 
mated using a density-bottle technique. Measurements of 
total length were also made sometimes on subsamples ofkrill 
removed from the cage but not used in sound-speed experi- 
ments. The number and wet weight of all krill removed from 
the cage were obtained by enumerating and weighing any 
remaining krill and addition of all subsamples. 
The total number of krill removed from the cage was 
generally less than the starting number by a few percent, 
presumably owing to cannibalism. In the worst case, event 
number 36, the initial number was reduced by 7%, but over a 
42-h period. In another case, event number 20, the number 
apparently increased by two specimens, believed ue to mis- 
counting or possibly entrapment by the cage during intense 
swarming observed in the harbor. 
IV. DATA ANALYSIS 
The first step in the analysis of encaged-aggregation 
data was to decide which data were usable. Whole events 
with encaged krill had to be purged for the following rea- 
sons: ( 1 ) early use of wrong limits for the integration inter- 
val, (2) distortion of the cage, with displacement from the 
usual position in the beam, due to entangling of the cage 
suspension lines, and (3) damage of the cage, with mass 
escape of krill, owing to a presumed collision or attack by a 
seal. Half of the data from another event, number 28, had to 
be purged because of severing of the lifting rope to the under- 
water rig in heavy-swell conditions. 
Data in the remaining events were purged very cau- 
tiously for the following reasons: ( 1 ) event start-up effects, 
always of short duration, (2) observed or presumed interfer- 
ence by extraneous catterers uch as fish, penguins, or krill 
swarms in the harbor attracted deliberately to the measure- 
ment raft by using underwater lights at night, (3) radio in- 
terference with the receivers during arrival of a yacht under 
motor power, and (4) trial use of different echo sounder 
settings or transducer beamwidths. For some events no data 
were purged, and for no event was more than 15% of the 
data purged, except for the fourth cause. 
In order to extract target strengths or backscattering 
cross sections from the echo integrator data, the mean vol- 
ume backscattering strengths had to be reduced. This en- 
tailed a number of analyses. 
( 1 ) Conversion factors. To express the echo integrator 
data as absolute quantities, the calibration data were re- 
duced. Upon combining, the following factors were derived 
for adding to the logarithmic SIMRAD QD units: - 42.3 
and - 31.1 dB for lhe data at 38 and 120 kHz, respectively. 
The total range of variation of these factors was -t- 0.4 dB 
each. 
(2) Time-varied-gain (TVG) correction factors. Sever- 
al errors were incurred by the use of TVG in the receiver. 
One is due to the rather short target range, 6-7 m, for which 
the pulse length, 1.47 m, is not negligibly small. The other 
error is due to the distributed nature of the cage and kriil 
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aggregation, which is to be compared to the compactness era 
calibration sphere. The extent of the cage, and krill aggrega- 
tion too if so dispersed, was 0.5 m vertically and slightly 
more aslant as viewed from the transducer. For the particu- 
lar "20 log r" TVG used throughout the measurements, the 
resulting correction factors are -0.4 dB for the cage at 
nominal 6-m range and 1.0 dB for the cage at nominal 7-m 
range. These figures apply at both frequencies. Estimated 
errors of the correction factor due to uncertainty in the pre- 
cise target ranges, expressed through the standard devia- 
tions, are ñ 0.2 and ñ 0.1 dB at the respective 6- and 7-m 
ranges. 
(3) Beam pattern compensation factors. The trans- 
ducer beams were nonuniform across the cage and unaligned 
with the cage axis. Each beam center was inferred from the 
respective beam-pattern-mapping data by a least-squares 
procedure based on comparison with the theoretical beam 
patterns. Integration of the squared beam pattern over the 
cage cross section and normalizing this to the solid angle 
formed by the cage yields compensation factors of 0.9 and 
0.7 dB at 38 and 120 kHz, respectively, for the cage at nomi- 
nal 6-m depth, and 0.7 and 0.6 dB for the cage at nominal 7- 
m depth. Estimated errors of the compensation factors due 
to uncertainty in both measured and computed beam pat- 
terns are ñ 0.1 dB. 
Application of these three factors to the echo integrator 
data produces a series of numbers for the equivalent target 
strength of the krill and cage together. This is alternatively 
expressed through the backscattering cross section •r by the 
standard relation, TS = 10 log •r/4•', with use of SI units. 
The cage contribution can be removed in two different 
ways. ( 1 ) Because of the availability of empty-cage measure- 
ments, these can be averaged and the mean contribution can 
be subtracted in the appropriate intensity domain. 22 The ef- 
fective cage target strengths in uncompensated echo integra- 
tor units are -20.3ñ 1.2dBand -19.3 d- 1.4dBat38 
and 120 kHz, respectively. Following subtraction, averaging 
yields the mean backscattering cross section per krill. (2) 
The effective cage contribution can also be inferred by re- 
gressing the equivalent backscattering cross section of cage 
and krill on the number of encaged krill. The intercept is 
then the cage contribution, and the slope or regression coeffi- 
cient is the mean backscattering cross section of a single krill. 
Both methods of compensating for the cage contribution are 
used. 
Analysis of the sound-speed ata is described in Ref. 28. 
V. RESULTS 
Summary results of encaged-aggregation events with 
usable krill data are presented in Table I. The mean target 
strengths, denoted TS, are determined in the usual fashion. 
First, the mean backscattering cross section b is computed; 
then the mean target strength is derived from the definition 
TS = 10 log •r/4•r. 
The mean krill target strength, denoted TS• kr,• in Table 
I, is determined by the first method of removing the cage 
contribution, viz.,by subtracting the mean empty-cage con- 
tribution in the intensity domain. The missing datum, for 
event number 54 at 120 kHz, reveals a flaw in the method, if 
not in the data. Here the actual cage contribution must be 
less than the number assumed for it. Indeed, the echo 
strength of cage and krill together is less than the mean cage 
contribution. Furthermore, the equivalent target strength at 
38 kHz of cage and krill together for event number 54 is 
greater than that for event number 55, although the second 
has twice the number elkrill of the first. Given the proximity 
of these events, their data are not used in the analyses report- 
ed in Table II. 
The result of averaging the single-krill backscattering 
cross sections corresponding to the respective values of tar- 
get strength in Table I is shown in the "subtraction" row of 
TABLE I. Summary of measured krill target strengths by event. The mean number of krill is the arithmetic mean of the numbers at the start and end of each 
event. The standard eviation in length distribution is denoted Al, and the respective sample size n•. Each acoustic sample is the result of averaging over a 6- 
min interval at the effective PRF of 25 pulses/min. The mean single-krill target strength TS• kr,• is derived according to the subtraction method. 
TS(dB) at 38 kHz TS(dB) at 120 kHz 
Mean no. Krill lengths (mm) 
Event krill TS,•g• +N TS,•ge + N 
No. Duration N •5 ,/•,7 A1 n• TS• kri, krill n5 TS, k•i,, krill n5 
17 
19 
20 
26 
28 
30 
36 
37 
43 
47 
50 
52 
54 
55 
16 h 46 mln 
15 h 22 min 
23 h 16 m•n 
23 h 1 mln 
38 h 38 min 
40 h 13 min 
42 h 31 min 
18h 13min 
37 h 3 m•n 
64 h 41 min 
42 h 36 m•n 
65 h 5 min 
62 h 44 mln 
46 h 7 m•n 
496 39.7 39.4 4.4 458 -- 84.1 -- 55.9 159 - 75.9 -- 46.5 159 
246 32.0 31.8 3.4 100 - 82.6 - 57.1 132 -- 74.5 - 47.3 132 
351 34.2 33.8 4.8 100 -- 82.8 56.1 206 -- 76.2 - 47.4 206 
752 31.0 30.9 2.4 300 -- 87.8 -- 57.3 202 -- 77.3 - 46.2 202 
390 30.2 30.1 2.2 1130 - 83.6 - 56.4 189 - 74.6 -- 46.3 189 
458 35.4 35.3 3.2 200 - 85.1 -- 56.9 376 - 74.8 -- 46.0 376 
1368 32.3 32.2 3.0 500 -- 85.5 -- 53.5 424 - 75.6 -- 43.2 424 
787 31.3 31.2 3.2 200 -- 88.0 - 57.3 180 - 76.5 -- 45.7 180 
398 33.6 33.5 2.8 200 -- 87.6 58.8 164 - 77.0 -- 47.5 358 
1593 32.9 32.8 2.9 397 - 89.1 - 55.9 318 -- 79.7 45.7 298 
850 31.6 31.5 2.7 200 - 86.6 -- 56.1 232 78.0 46.3 411 
816 38.6 38.4 3.8 200 - 84.2 -- 54.3 632 -- 75.4 -- 44.8 632 
394 31.7 31.5 3.7 200 - 86.9 -- 58.4 619 .... 50.2 619 
794 31.5 31.3 3.3 200 - 88.3 - 58.7 459 -- 80.7 -- 48.6 461 
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TABLE IL Summary results for each of two methods of removing the empty-cage contribution, based on the data in Table I, exclusive ofthose for event 
numbers 54 and 55. The quantities TSi and TS 2 are defined in the text; they correspond tothe range of variation in TS as defined by + one standard 
deviation in •r. 
38 kHz 120 kHz 
Method b( mm 2) cv (%) T• TS• TS 2 b(mm:) cv ( % ) TS TS• TS 2 
Subtraction 0.039 47 -- 85. i - 87.9 -- 83.4 0.31 ! 31 - 76. I -- 77.7 - 74.9 
Regression 0.015 46 -- 89.4 -- 92.1 -- 87.7 0.173 33 -- 78.6 - 80.3 -- 77.4 
Table II. The coefficient of variation of b is included togeth- 
er with the mean target strength. The additional quantifies 
are defined thus: TS• = 10 log (• -- A•r)/4rr and TS2 = 10 
X 1og(• + Ao')/4m 
The equivalent mean target strength of cage and krill 
together is denoted TScase + Nkri, in Table I. Regression f 
the corresponding values of backscattering cross section on 
N allows derivation of b for one krill through the regression 
coefficient. This is shown in the"regression" row in Table II. 
The coefficient of variation in this case is formed by express- 
ing the standard error of the regression coefficient as a per- 
centage of the regression coefficient, namely b. 
The analyses reported in Table II have been repeated for 
another subset of the data in Table I. This excludes the data 
with rms lengths greater than 35.0 min. The results are not 
significantly different from their antecedents. Specifically, 
TS decreases by 0.2 dB at each frequency for the subtraction 
method, while remaining unchanged for the regression 
method. The rms lengths for the two subsets are 33.7 and 
32.1 mm, respectively. 
Vl. MODEL COMPUTATIONS 
Measurement of the density, sound speed, and length 
distribution of fresh samples elkrill from the ericaged-aggre- 
gation events provides ufficient data for the simplest model 
computations. Comparison of the measured physical prop- 
erties of the animal with the respective properties of seawater 
determines the following contrasts: for density, 
1.0357 + 0.0067, and for sound speed, 1.0279 + 0.0024, as- 
suming negligible dispersion. TM 
The model exercised here is that of the fluid sphere n in 
its so-called high-pass form, 3• but as stated by Greenlaw. 3• 
Accordingly, the backscattering cross section a has the fol- 
lowing expression: 
a=44ra2. 2(ks) 4 i i-gh 1--g •, 2 + 3(k  4 3  • - •  (1) 
where a is the equivalent sphere radius (ESR), k is the 
acoustic wavenumber, g is the density contrast, and h is the 
sound-speed contrast. The ESR is computed from the fol- 
lowing empirical expression for the single-animal volume o 
in cubic centimeters: 
o = 0.939 m -- 0.003, (2) 
where m is the mass in grams, 34 
m = 9.60X 10-6l TM, (3) 
and I is the total krill length in millimeters? Because each 
measured sample consisted of a number of specimens of 
varying lengths, cr was averaged over the frequency distribu- 
tion of lengths, n (l): 
•= •n(l)o-(i) •n(l). (4) 
I I 
To compute k in Eq. (1), the medium sound-speed is as- 
sumed to be 1457 m/s. 
In order to express the uncertainties associated with the 
estimates of density and sound-speed contrasts, • was also 
computed at each of the first standard deviations. Denoting 
the nominal values by go = 1.0357 and he = 1.0279, the 
nominal averaged backscattering cross section •o is ex- 
pressed thus: 
•o = •(go,ho). (5) 
The estimated first-standard-deviation values •+ are com- 
puted as the geometric mean of the respective quantities, 
that is, 
• = [•(go + Ag,ho)•(go, ho + Ah) ]•/•. (6) 
The several estimates have been computed for each 
length distribution and echo sounder f equency characteriz- 
ing the events listed in Table I. They are presented in Table 
lIl through the corresponding values of target strength, de- 
noted TSo and TSñ, where, as before, TS = 10 log •/4rr, 
with • expressed in units of square meters. 
VII. DISCUSSION 
A. Measurements 
According to the post-FIBEX target strength-length re- 
lations,•.n the mean target strength of a krill of 33.7-mm 
length is -- 60.1 dB at 50 kHz and -- 65.3 dB at 120 kHz. 
The new data, based on measurements at 38 and 120 kHz, 
are seen from Tables I and Il to be substantially lower, not- 
withstanding the difficulty of comparing data at the lower 
frequencies, 38and 50 kHz. The mean target strength of krill 
of mean length 33.7 mm was observed to be in the approxi- 
mate range [ -- 89, -- 85] dB at 38 kHz and [ -- 79. -- 76] 
dB at 120 kHz. 
The new measurements also show a high degree of vari- 
ability. The authors cannot explain this, but they can specu- 
late on causes. 
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TABLE III. Averaged theoretical target strengths derived from Eqs. ( 5 ) and (6) for the length distribution of each encaged-aggregation event listed in Table 
I. Values of ka are computed with respect to the mean length ?. 
38 kHz 120 kHz 
Event 
no. 7(ram) ka TS _ TS o TS + ]ca TS _ TS o TS + 
17 39.4 0.8 -- 81.0 -- 80.4 79.8 2.4 -- 76.8 -- 76.2 -- 75.6 
19 31.8 0.6 -- 85.4 -- 84.8 -- 84.2 2.0 -- 78.7 -- 78.1 -- 77.5 
20 33.8 0.7 -- 83.8 -- 83.2 -- 82.6 2.1 -- 78.1 -- 77.5 -- 76.9 
26 30.9 0.6 -- 86.2 -- 85.6 -- 85.1 1.9 -- 79.0 -- 78.4 -- 77.9 
28 30.1 0.6 -- 86.8 -- 86.2 -- 85.6 1.9 -- 79.3 -- 78.6 -- 78.0 
30 35.3 0.7 -- 83.3 -- 82.7 - 82.1 2.2 -- 77.8 -- 77.2 -- 76.6 
36 32.2 0.6 -- 85.2 -- 84.6 -- 84.1 2.0 -- 78.6 -- 78.0 -- 77.4 
37 31.2 0.6 -- 85.9 -- 85.2 -- 84.6 1.9 -- 78.9 -- 78.3 -- 77.7 
43 33.5 0.7 -- 84.4 -- 83.8 83.2 2.1 -- 78.3 - 77.7 -- 77.1 
47 32.8 0.7 - 84.8 -- 84.2 -- 83.6 2.1 - 78.5 -- 77.8 -- 77.2 
50 31.5 0.6 -- 85.8 -- 85.1 -- 84.6 2.0 -- 78.8 -- 78.2 -- 77.6 
52 38.4 0.8 -- 81.6 -- 81.0 -- 80.4 2.4 -- 77.1 -- 76.4 -- 75.9 
54 31.5 0.6 -- 85.5 -- 84.9 -- 84.4 2.0 -- 78.8 -- 78.2 -- 77.6 
55 31.3 0.6 -- 85.7 -- 85.1 -- 84.6 2.0 -- 78.9 -- 78.3 -- 77.7 
Measurement error. The working conditions were often 
difficult. The effects of wind, swell, and underwater currents 
on alignment of transducers and cage are unknown. Obser- 
vation of the echo data during its collection ever suggested 
any large effect due to surface conditions, but the kind of 
control measurements necessary for quantifying the effects 
were never carried out, for simple want of time. The effect of 
the cage on the echo energy was, for the same reason, insuffi- 
ciently studied. The fact that the echo energy from cage-and- 
krill system at 120 kHz in event 54 was less than the average 
empty-cage cho energy indicates in dramatic fashion that 
there was an effect. The underlying cause may be changes in
the acoustic properties of the plastic netting. 
Variable behavior. Videotape records of krill behavior 
show no conspicuous differences in aggregation characteris- 
tics from event to event, although a spectrum of behavior 
modes--from dense swarming to relative dispersion--was 
observed for each. Because extinction could not have been 
measured for the particular numbers of krill and cage geom- 
etry, the acoustically significant part of behavior is that due 
to orientation, in particular, that due to the animal's tilt rela- 
tive to the horizontal plane. 7'2ø In fact, for the present sizes 
and frequencies, the effect could easily have been substan- 
tial? It was the authors' firm intention to collect data on the 
orientation distribution of the encaged krill. The stereoscop- 
ic camera system failed utterly, however, so this must remain 
one of the major shortcomings of the experiment. 
Variable biology. The krill were obtained by trawling at 
sea or by dipnetting in Stromness harbor. For operational 
reasons, they could not be segregated. In addition, the sup- 
plies were supplemented at irregular intervals. Selection of 
krill for any particular encaged-aggregation event proceeded 
by catching the desired number of swimming, apparently 
healthy, specimens from one of the four holding pens. It is 
entirely possible, if not likely, that the biological state of 
penned krill changed in the course of the experiment. It is 
even possible that the condition of krill changed in the course 
of an event. Measurements of sound speed show consider- 
able variability from event to event and from sample to sam- 
ple, but this does not correlate with the variation in target 
strength. By itself, variation in sound speed cannot account 
for the observed variability in target strength. 
Notwithstanding the expressed oubts, the overall con- 
dition of the krill seemed to be excellent hroughout he ex- 
periment. Quite often the krill were observed to be grazing 
on algae growing on the walls of the holding pens or grazing 
in the middle of the cage. Many samples ofkrill examined at 
the conclusion of the encaged-aggregation events showed 
bright green alimentary canals, a sign of a well-fed state. 
Observations of behavior, by underwater television 
camera, also support a belief in the good quality of the pre- 
sented data. At times, the krill were observed swimming to- 
gether as one, all parallel. Often the krill gathered together in 
dense clumps or knots, occupying a fraction, say from 1/4 to 
1/8 or less, of the cage volume. That is, swarming behavior 
akin to that observed by underwater divers in the middle of 
naturally occurring swarms 36 was observed. At other times, 
the krill were spread out through the cage volume. Some- 
times distinct effects of encagement were evident, but it is 
premature to say whether this is reflected in the acoustic 
record. 
Some systematics of the cage behavior were aggregation 
at day and dispersion at night. The krill were generally 
swimming. Modifications in behavior were observed due to 
weather and to the cage itself. 
I•. Model computations 
The simplest model was examined first, once the data on 
density and sound-speed contrasts were analyzed. The fluid- 
sphere model, as given by Greenlaw, 33 with the averaging 
indicated in Eq. (4), yielded the estimates shown in Table 
III. These are compared with the corresponding empirical 
values TS• kr• in Table I and in Fig. 1. Several trends are 
seen: The theoretical values are slightly higher than the em- 
pirical ones at 38 kHz, but slightly lower at 120 kHz. In 
addition, the range of variation in measured data is generally 
22 J. Acoust. Sec. Am., Vol. 87, No. 1, January 1990 Foote et al.: Target strengths of Antarctic krill 22 
larger than that estimated according to the simple model. 
Given the vagaries of experimentation, with incomplete spe- 
cification of animal properties and physical configurations, 
and use of a very approximate scattering model, better agree- 
ment can hardly be expected. It is assuredly best to postpone 
further speculation, at least until the kinds of data required 
for use with the new and increasingly sophisticated models 
of Stanton 37-39 are available, e.g., those on orientation, 
shape, flexure, and physical properties. 
Nonetheless, within present bounds, the authors believe 
that the measurements and fluid-sphere model are consis- 
tent. This observation supports, and perhaps supplements as 
well, one of Holliday and Piepcr's conclusions from an ex- 
perimental study on zooplankton reported in 1980 (Ref. 
40). In this, the fluid-sphere model was found to be adequate 
to explain the frequency dependence of data with ka less 
than about three. This is precisely the condition on mean ka 
for this study, as seen from Table III. The present krill mea- 
surements are, of course, absolute, as are the model compu- 
tations. 
C. Future 
The authors would remedy a number of shortcomings in 
their execution of the krill target strength experiment. Chief 
among these would be the collection of data on orientation. 
The empty cage would be measured acoustically more often, 
and, in general, a greater effort would be made to tie environ- 
mental factors to the record of variation in krill target 
strength. 
Given a greater range of animal sizes, the target strength 
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FIG. 1. Comparison ofempirically and theoretically determined values of 
target strength, with means derived from, respectively, Tables I and 1II. The 
degree of variation is indicated through bars defined as q- one standard 
deviation. The contiguous data in the upper right corner apply at 120 kHz; 
the others apply at 38 kHz. 
would be measured with the aim of specifying some of its 
biological and physical dependences. These would include 
biochemical composition and quantified morphology. Mea- 
surement of a wider range of sizes and states of krill would 
therefore be attempted, particularly with gravid females, 
which eluded the experimenters in the present study. 
Any new acoustic measurements on krill would be per- 
formed with new echo sounding and integrating equipment. 
The new SIMRAD EK5OO scientific echo sounding sys- 
tem 4•'42 would be a prime candidate for a number of reasons. 
It would enable three different transducers to be operated 
simultaneously. In a suitable environment, when the krill are 
sufficiently dispersed, single-animal target strengths could 
be measured because of incorporation of the split-beam func- 
tion in this instrument. The nominal dynamic range of 160 
dB would also allow the range of interesting objects from 
single krill to calibration sphere to bottom, for example, to be 
measured without the need to change instrument settings. 
The new Bergen Echo Integrator 43'4• would also be 
used, for flexibility in display or presentation of the data on a 
UNIX-based workstation, and for ease of storage of the 
three-transducer data with maximal resolution for each and 
every ping. Operator-controlled post-processing of the data 
would considerably enhance the analysis process, while pro- 
viding a backup to the echo integration function of the SIM- 
RAD EK500 echo sounder. 
Application of the same instruments to naturally occur- 
ring swarms is inevitable. The value or necessity of support- 
ing these through additional controlled measurement will be 
defined by the aim of such application, or more specifically, 
the required degrees of precision and accuracy. 
VIII. SUMMARY CONCLUSIONS 
The target strengths of krill at 38 and 120 kHz are sub- 
stantially lower than the post-FIBEX values. The reported 
measurements and fluid-sphere model are consistent. Use of 
the model with data on density and sound-speed contrasts 
can extend the present work to other sizes and frequencies, at 
least for ka values less than about three. 
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